Objectives: To investigate the relevance of bevacizumab (BEV)-induced diffusion-restricted lesions and T1-hyperintense lesions in patients with recurrent glioblastoma.
The impact of bevacizumab (BEV) in recurrent glioblastoma is debatable and no predictive biomarker exists. Moreover, there is concern that BEV may enhance infiltrative disease or remote relapses. [1] [2] [3] [4] Preclinical data supporting this have not been confirmed by clinical studies. [5] [6] [7] [8] [9] Another unresolved issue is whether BEV, after initial vascular normalization, increases the extent and degree of hypoxia. Supporting this, preclinical and clinical studies have shown a BEV-induced increase in the expression of hypoxia inducible factor-1a or its target genes. 1, [10] [11] [12] [13] [14] Previously, we described the occurrence of stroke-like lesions on diffusion-weighted imaging (DWI) with corresponding decrease of the apparent diffusion coefficient (ADC). 13, 14 Our notion that this phenomenon is associated with improved survival was recently confirmed. 15 In contrast, one report suggests that restricted diffusion could represent a dense cell pattern of glioblastoma recurrence under BEV treatment. 16 Furthermore, we have previously shown that BEV-induced T1-hyperintense lesions on MRI are common in glioblastoma. Moreover, these lesions are predictive of a favorable outcome and correspond to tumor calcifications on CT scans. 17 Beyond these findings, we noticed a coappearance of T1-hyperintense lesions and stroke-like lesions. Furthermore, these lesions were not involved in further tumor progression in several index patients. Therefore, we hypothesized that these "double-positive" lesions correspond to regions of focal antitumor activity of BEV. We screened a cohort of 74 BEV-treated patients with recurrent Continued glioblastoma for these MRI alterations. We evaluated overall survival (OS), histopathology, and patterns of progression.
METHODS Study population. We prospectively enrolled patients with the neuropathologic diagnosis of a glioblastoma or gliosarcoma. The radiologic confirmation of recurrence, adequate laboratory values, scheduled initiation of a BEV-based therapy, and a full baseline MRI including DWI and ADC were mandatory. Because this was a noninterventional study, the treating physician defined the treatment plan and any concomitant therapy. To increase the number of evaluable patients, we screened our electronic patient records for patients fulfilling the same criteria. From January 2008 to December 2012, we treated 131 patients with BEV in our neurooncology outpatient unit. Eightyfour patients fulfilled the criteria as defined in our prospective study. Ten did not have sufficient radiologic follow-up. Finally, 74 patients were eligible. Forty-two patients were already prospectively included. Therefore, 32 additional patients were identified and extended our evaluable cohort.
Standard protocol approvals, registrations, and patient consents. Our institutional review board approved the prospective part of this study (University Hospital Frankfurt; ethics committee; reference number 4/09-SNO 01/09). The retrospective add-on approach was also approved (University Hospital Frankfurt; ethics committee; reference number 4/09). All patients gave their written informed consent.
Magnetic resonance imaging. MRI was done on a 3T scanner (Magnetom Trio; Siemens Medical AG, Erlangen, Germany) or a 1.5T scanner (Intera; Philips Medical Systems, Best, the Netherlands). MRI scans before therapy and until further tumor progression were mandatory. In addition, all patients had at least T1-weighted sequences before and after IV administration of gadolinium-containing contrast agent, T2-weighted sequences, and DWI sequences (mostly b 5 0, 500, 1,000 at 3 tesla, and b 5 0, 1,000 at 1.5 tesla) with calculated ADC maps.
To determine the response to therapy, we used the updated response assessment criteria for high-grade gliomas (RANO [Revised Assessment in Neuro-Oncology]). 18 The precontrast T1-weighted images, DWI, and ADC maps of each time point were jointly analyzed for unequivocal, therapyinduced lesions with a hyperintense signal on T1 and for new lesions with restricted diffusion (high DWI signal and corresponding low ADC values) by one neuroradiologist (E.H.) and one neurooncologist (O.B.). Regarding T1-hyperintense lesions, MRI scans were rated with 0 for no T1-hyperintense lesions, 1 for punctate or faint T1-hyperintense lesions, and 2 for clear T1-hyperintense lesions. Only patients rated with 2 were regarded as patients with unequivocal T1-hyperintense lesions. For restricted diffusion, MRI scans were rated with 0 for no restricted diffusion and 1 for well-demarcated lesions of restricted diffusion. Lesions that displayed both features were defined as "double-positive." To evaluate whether these lesions were involved in further tumor progression under BEV, E.H. and O.B. jointly examined follow-up MRIs. Particular attention was given to the positional relationship between double-positive lesions and the area of progressive tumor.
To answer the question of whether the occurrence of these lesions was associated with a change in the patterns of progression, the pattern of recurrence at BEV failure was analyzed by an experienced neuroradiologist (S.-J.Y.) who was blinded for the scientific rationale of the analysis. We predefined modified categories as reported by Pope et al. 8 (7) Abbreviations: BEV 5 bevacizumab; KPS 5 Karnofsky performance status; MGMT 5 O 6 -methylguanine-DNA methyltransferase; oligod. 5 oligodendroglial. Patient characteristics, pretreatments, concomitant therapy, and MRI pattern at progression at BEV failure for the whole cohort and for patients with and without double-positive lesions are shown. Because 9 patients without and 4 patients with the respective lesions had not yet progressed, the total number of patients for patterns of progression is lower than for the remainder of the table. a One patient without radiotherapy before BEV received radiotherapy as concomitant therapy with BEV. b One patient without chemotherapy before BEV had early progressive disease before the end of initial radiotherapy and received BEV as a rescue therapy. c One patient received radiotherapy and irinotecan.
of 3 recurrences before start of BEV is the major difference in comparison with the patient characteristics in the BRAIN Study, with approximately 80% of the patients being treated for their first relapse. 20 BEV was administered at the standard dosing of 10 mg/kg body weight IV every other week to all of our patients. The table shows the concomitant therapy.
Occurrence of T1-hyperintense lesions and lesions with restricted diffusion. Twenty-five of 74 patients (34%) showed new or significantly increased lesions with a hyperintense signal on T1 in the tumor area. In 35 of 74 patients (47%), new or significantly increased lesions with restricted diffusion (high DWI signal and corresponding low ADC values) became apparent. In 21 of 74 patients (28%), the lesions were double-positive (figure e-1 on the Neurology ® Web site at Neurology.org). As described before, these alterations occurred early (2 to 3 months after start of BEV) and were stable with time. [13] [14] [15] 17 Follow-up MRI scans from 5 representative patients with newly emerged lesions under BEV treatment are presented in figure 1 .
Comparison of patient characteristics. Subsequently, we compared the patient characteristics of the 21 patients who developed double-positive lesions with the other 53 patients who did not. As shown in the table, there were no substantial differences in patient variables.
Association with OS. We determined OS for patients with or without T1-hyperintense lesions, patients with or without lesions with restricted diffusion, and for patients with or without double-positive lesions. As shown in figure 2A , the occurrence of lesions with restricted diffusion was associated with longer OS, confirming earlier reports of this radiographic phenomenon. [13] [14] [15] The association between T1-hyperintense lesions and outcome was even more pronounced, as shown in figure 2B , and also confirms a previous report. 17 Finally, the strongest association with OS was found for lesions that were double-positive ( figure 2C ).
In addition, we analyzed median OS for the following subgroups: patients with no MRI alterations (n 5 35), patients with T1-hyperintense lesions only (n 5 4), patients with restricted diffusion only (n 5 14), and patients with double-positive lesions (n 5 21). Because of the small patient numbers in these groups, the value of these analyses is limited. Nonetheless, we did not find a relevant OS difference among patients with no MRI alterations (median OS 202 days), patients with T1-hyperintense lesions (median OS 235 days), and patients with restricted diffusion only (median OS 195 days). Only the group of patients with double-positive lesions showed a superior median OS of 394 days. Neuropathologic findings. We were able to analyze tissue specimens from double-positive lesions in 4 patients. Two patients underwent a stereotactic biopsy for suspected tumor progression and the stereotactic trajectory included lesions with hyperintense signal on T1-weighted images and restricted diffusion (figure e-2, patients 1 and 2). In At the time the biopsy was performed in patient 2 (MGMT status unknown), we still thought that lesions with restricted diffusion rather correspond to progressive tumor, but we only found extensive necrosis with calcifications in the specimens of this patient and mostly absence of vital tumor tissue. In 2 other patients, both with unmethylated MGMT promoter, we analyzed autopsy tissue (figure e-2, patients 3 and 4). As shown in figure 3 , all lesions showed extensive necrosis and marked calcifications.
Involvement in tumor progression. Next, we investigated the involvement of double-positive lesions in tumor progression at BEV failure. Therefore, we screened the follow-up imaging for the positional relationship between double-positive lesions and the area of progressive tumor. Of the 21 patients who developed double-positive lesions, 4 had not yet progressed. In 3 of the remaining 17 evaluable patients (18%), the lesion was clearly involved in tumor progression. In the other patients, tumor progression was either clearly distant from the described lesion or, in a few cases, close to the lesion but without involvement of the lesion itself. Patterns of recurrence. Based on these findings, we asked whether patients with double-positive lesions had more distant recurrences. Therefore, we conducted a blinded analysis of the patterns of progression in the whole cohort. Intriguingly, we found a considerably higher occurrence of distant recurrences in the group of patients with doublepositive lesions (41% vs 18%), while local and diffuse recurrences were less frequently observed (table) . However, a statistical comparison of distant vs nondistant (local 1 diffuse) recurrences in the 2 groups reached only borderline significance (2 3 2 contingency table, Fisher exact test, p 5 0.06).
Patterns of progression are not associated with progressionfree survival or OS. Because the increased frequency of distant recurrences could simply result from a longer progression-free survival (PFS) or OS in patients with occurrence of double-positive lesions, we analyzed clinical outcome data together with the type of progression. As shown in figure e-4, there was no association between the pattern of progression and PFS (A) or OS (B). This was also true for the subgroup analysis of patients with and without therapy-induced changes on MRI scans (data not shown).
DISCUSSION BEV is widely used in the treatment of recurrent glioblastoma although its precise mode of action and the impact on OS and tumor growth patterns remain uncertain. Our data are compatible with the hypothesis of a sustained focal antitumor activity of BEV in a subpopulation of patients with recurrent glioblastoma. In our cohort of 74 patients treated with BEV for recurrent glioblastoma, 21 (28%) developed doublepositive lesions with hyperintense signals on precontrast T1-weighted images and restricted diffusion (high DWI signal and corresponding low ADC values). This phenomenon was associated with a compelling survival benefit for these patients (13.0 vs 6.6 months, figure 2 ). Because patients with T1-hyperintense lesions only and patients with lesions with restricted diffusion only did not show longer survival, this benefit seems to depend on the presence of both MRI alterations. Notably, these patients were comparable regarding other patient variables (table). Histologic evaluation of these double-positive lesions revealed extensive calcified necrosis in 4 of 4 patients ( figure 3 ). Furthermore, these lesions were involved in tumor progression in 3 of 17 recurrent patients only, suggesting that these nonvital double-positive lesions cannot give rise to recurrent tumor. A blinded analysis of the patterns of progression at the time of BEV failure revealed a trend toward an increase in distant recurrences in the group of patients with these BEV-induced lesions (41% vs 18%, p 5 0.06, table). Because we did not find an association between the type of progression and PFS or OS (figure e-4, A and B), it is unlikely that this increase in distant recurrences is simply the result of prolonged PFS and OS in the group of patients with these MRI alterations. Therefore, a difference in tumor biology seems to be more likely responsible for the increase in distant relapses. Two aspects appear obvious: BEV-induced MRI changes could (1) be limited to tumors with a propensity for distant relapses, or (2) be the result of BEVinduced hypoxia driving infiltrative tumor growth and promoting distant relapses. 6, 7, 21 Despite the probable increase in distant recurrences, the impressive survival benefit for patients with double-positive lesions emphasizes the value of BEV in the treatment of recurrent glioblastoma. Moreover, our radiologic and histologic findings suggest that BEV not only reduces vascular permeability, edema, and contrast enhancement but might also have a real and sustained antitumor effect in a relevant subgroup of patients. The tumor tissue in the areas where double-positive lesions develop might be particularly dependent on vascular endothelial growth factor and therefore more vulnerable for a BEV-induced depletion of vascular endothelial growth factor. This could facilitate a true antiangiogenic effect resulting in severe hypoxia and finally in extensive calcified necrosis characterized by the described double-positive lesions on MRI. In line with these considerations, we and others have reported reduced blood perfusion in lesions with restricted diffusion that developed under BEV. 13, 15 For clinical practice, our findings are important for the evaluation of follow-up MRI of patients with glioblastoma treated with BEV. It should be recognized that double-positive lesions with restricted diffusion and hyperintense signal on T1-weighted images corresponding to calcification on CT scans typically appear early under BEV treatment and are stable with time. They probably correspond to a focal antitumor activity of BEV and should not carelessly be interpreted as progressive tumor, cerebral ischemia, or microhemorrhages. Follow-up MRI after 4 weeks or additional CT can help to distinguish between favorable treatment effects and adverse events of BEV treatment. Thereby, our findings can prevent the unwarranted discontinuation of BEV treatment.
Eventually, the question remains whether doublepositive lesions are specific for BEV treatment. A review of the literature did not reveal any study systematically investigating the appearance of T1 hyperintensities and stroke-like DWI lesions under other therapy regimens. From our daily practice, however, we are convinced that these alterations are regularly seen in patients on BEV only. In addition, none of our 74 evaluated, heavily pretreated patients showed double-positive lesions at baseline before treatment with BEV.
Our study provides basic imaging markers predictive of a substantial survival benefit for BEV-treated patients with recurrent glioblastoma. The histologic evaluation of these lesions showed extensive calcified necrosis. Furthermore, BEV-induced lesions with restricted diffusion and hyperintense T1 signal are rarely the origin of progressive tumor and might lead to an increase of distant recurrences. We suggest that these lesions are the result of a sustained focal antitumor activity of BEV.
